All quasibound vibrational energy levels u=27 and 28 of the Na, 3 'I& state were accessed by using optical-optical double resonance and detected with a shielded ionization detector. The line broadening due to the tunneling effect was observed to be larger than 1 cm-' at the rovibrational level v=28, J=31. The potential curve has been determined by the Rydberg-Klein-Rees method and modified using Jeung's calculation for the large distance barrier and comparison of the calculated and the measured line widths. The barrier height was found to be -126 cm-' above its asymptotic limit (3s+4p) at 5.98 A. There also exists an unobserved shallow outer well with depth -35 cm-' at 9.5 A according to our modification of Jeung's calculated potential. One way to possibly probe this outer well is also discussed.
I. INTRODUCTION
Optical spectra of the sodium dimer were first observed more than a century ago ' and have since been frequently studied theoretically as well as experimentally by various groups. Especially since the advent of lasers, much more accurate spectra and better calculations have become available (for a bibliography on Na, spectra, see, e.g., Ref. 2) . Among the electronic states thus far experimentally studied, some unusual behavior such as avoided crossing shelves,3 double minima,4 long range regions,5 and potential barriers6 have been demonstrated. The properties of potential barriers are interesting both in spectroscopy and dynamics because the quasibound levels (above the asymptotic limit) may predissociate by tunneling. Among potential barriers, certainly the B 'II, states (where the barrier arises due to the dipole-dipole repulsive interactions) of alkali dimers are the most studied. "14 Richter et al. l2 used fluorescence-enhanced optical-optical double resonance in a molecular beam to access the uppermost quasibound rovibrational level of the B 'II, state in Na2. Heinze et aL8 determined the potential curve by using polarization spectroscopy and quantum mechanical calculations of the B 'III, state in K2 (in a heat pipe oven). Wang et al. I3 and Kleiber et al. I4 studied the predissociation dynamics of the B 'II, state in K2 by measuring the molecular and atomic fluorescence and its polarization in both a heat pipe oven and a molecular beam.
By using an ion detector and optical-optical double resonance techniques, we found that the Na, 3 ' l$ state has a barrier above its dissociation limit. The first observations of this state (Ogu< 14) were by Carlson et al. I5 and Taylor et al. I6 using the two-step polarization-labeling method. They assigned the asymptotic limit to 3s+4d which differs from the assignment here to 3sf4p. Effantin et al. l7 also observed this state (O<V< 1) by recording the molecular fluorescence using a Fourier transform spectrometer. The results presented here, we believe, are the ')Ako Department of Physics and Astronomy. ')Also Department of Chemistry. first observation of quasibound gerade states in Na2. Unlike the long range barrier in the B 'II, state which remains repulsive as R 4 CO, there is a barrier and then a shallow outer well as R + CO in this 3 'l&state according to Jeung's calculation.i8 The line broadening due to the tunnelling effect has been observed for v=28, 15<J<3 1 levels. The potential curve has been determined, based on the Rydberg-Klein-Rees (RKR) method, from spectroscopic data. Outside the RKR region, a modification of Jeung's calculated potential was used to fix the long range region of the potential by requiring agreement between calculated and measured tunneling line widths. We also proposed one way to access the bound levels located in the outer well (assuming they exist).
II. EXPERIMENT
The experimental diagram for our optical-optical double resonance experiments is shown in Fig. 1 . The~sodium metal was loaded into a five arm stainless steel heat pipe oven with the same dimensions described in Ref. 19 . Argon gas was used as a buffer gas. The temperature of the sodium vapor at the center of the heat pipe oven was -350 "C and the argon pressure was -0.1 Torr. Under these conditions, the 'sodium vapor pressure was -0.1 Torr ( -3.5% Naz) at the center of the heat pipe.
The laser beams from two cw tunable dye lasers (both Coherent 899-29 autoscan II ring dye lasers, having typical powers of 300-800 mW) pumped by Ar ion lasers (Coherent Irmova 200-25 and Coherent CR-18) were collinearly directed into the heat pipe oven though a beam splitter and a lens (f=45 cm). Three dyes, DCM, R6G, and RllO, were used to pump and probe selected levels in order to reach the 3 'III, state. Residual beams were sent into an I2 cell for frequency calibration. When the probe laser was scanned, the system accumulated the ion signals and I2 spectra simultaneously. We used the built-in wavemeter First, the modulated pump laser (chopped at 1048 Hz) was used to populate an intermediate level in the A 'Z,f state. Next, the probe laser was scanned to search for rovibrational levels in 3 'III, state, 3 Several vibrational levels (ranging from U' = 12 to 38) in the A '2: state were chosen to cover the region of interest in the 3 'III, state including the quasibound levels. Whenever rovibrational levels in the 3 'III, state are populated, they can associatively ionize (Na; + Na + Na3f + e-) or multiphoton ionize (N@ + nhv --t Na2f + e-). The threshold energy for trimer ion associative ionization is -27 713 =!=605 cm-', based on the Na, adiabatic ionization potential of 3 1 363 * 5 cm- ' (Ref. 21) less the dissociation energy of Na, to Na,+Na of 3650 f 600 cm- ' (Ref. 22) . The threshold energy for multiphoton ionization of the lowest level of the dimer is 39 478.7 l O. 1 cm- ' (Ref. 23) . The ions were detected with a shielded cylindrical space-charge-limited diode ionization detector. This ion detector, with high current gain ( 105-106) and high time resolution (5 MHz), has been described elsewhere.24 The output signal from the ion detector was monitored by a lock-in amplifier (ITHACO 393) and recorded on a microcomputer. For accuracy, the microcomputer also recorded the I2 sensor from the wavemeter simultaneously. The accuracy of the line positions measured was -0.02 cm-'.
Ill. RESULTS AND ANALYSIS
About 220 transitions (7~~~28) in the Na2 3 'l&state were observed. The transitions observed for the lower vibrational levels (u< 14) agree well with the previous results of Taylor et al. I6 For vibrational levels v=27 and 28, the energy levels are higher than the dissociation limit (3s +4p). The line broadening due to the tunneling effect was clearly observed at v=28, 15<J<3 1. Figure 2 shows the observed linewidth (all widths herein are FWHM) of different rovibrational levels in the Na2 3 'III, state. For rovi- creases and the peak ion signal decreases rapidly as the rotational quantum number J increases. The last rovibra-. tional level observed is v=28, J= 3 1, which is -164.6 cm-' above its asymptotic limit and has a linewidth of -33.4 GHz.
-0 . For the energy levels of the Na2 X 'XL state, the Dunham expansion was used with coefficients taken from the Kusch and Hessel analysis data set II (Ref. 25) . Table I is the comparison of molecular constants for the Na2 3 'III, state. Due to the large anharmonicity and centrifugal distortion for v=28, these Dunham coefficients represent only _O<v-~27 and J about 10 to 30. Because we did not accumulate low J data, the rotationless RKR potential curve constructed from these Dunham coefficients has a larger uncertainty than our reported potential (Table II) described as follows. We used the same prescription as Ref. 3 to construct the RKR potential curve. The B, and G(v) values were calculated from spectroscopic results first by setting the centrifugal distortion constants D,=O. This preliminary potential curve then was used to solve the Schrodinger equation for D, values.26 These D, values were then used to recalculate the B, and G(v) values. To reduce the experimental noise and perturbation level shifts, the B, and G(v) values were locally smoothed by fourthorder polynomial fitting.
For the 3 'IIg state, the energy levels for O<v<6 were taken from Ref. 16; higher levels are from this work. Table  II lists the RKR potential curve of Na2 3 'I& state. The constructed RKR potential curve is shown in Fig. 3 . For comparison, the theoretical calculations by Jeung18 and Hemjet and Masnou-Seeuwsz7 and the asymptotic limit (3s+4p) are also plotted. Figure 3 culations agree better with the experimental results at the outer turning points (including the barrier region) and Henriet and Masnou-Seeuws calculations agree better with the experimental results near the inner turning points (and for the T, value). Since Jeung's calculations agreed better in the barrier region, we used a modification of his results in the construction of the potential barrier.
Jeung's calculation'8 displays not only a potential barrier but also a rather broad, shallow outer potential well. In order to construct the potential barrier, first we fixed the RKR potential curve for O<v<28 and added Jeung's calculations for R,, > R,,, with the asymptotic limit as zero energy. We used a cubic spline to fit this potential curve (including the barrier and outer well) and then solved the Schrijdinger equation to obtain the eigenfunctions, eigenvalues, and the tunneling linewidthsz8 for the quasibound levels. This initial hybrid potential curve gave us linewidths of about four orders of magnitude smaller than the experimental values. From the WKB approximation, the full width 2J? is given by29 where h is Plan&s constant, r. is the vibrational period, ,U is the reduced mass of the molecule, U is the effective potential, E is the term value, a and b are the internuclear distances inside and outside the barrier where the effective potential and term value are equal, and R is the internuclear distance. This result suggested that the barrier was either too high or too broad. As a correction, Jeung's calculation was first reduced to -70% of its initial value relative to the 3s+4p asymptote {the effective potential UJZ,, = V(Ip) + [J(J+ 1) -l]h2/SgpR2 calculated from this modified ("70%") barrier is only slightly larger (G 1 cm-') than the last rovibrational level observed v=28, J=31).
The calculated linewidth was then three-times smaller than the experimental observation, which suggested that the barrier was too broad. In order to narrow the barrier, we shifted Jeung's calculations about 0.35 A closer to the RKR results. The calculated linewidth was then in good agreement for high J (J=30) but still too broad in the low J (J= 15) region. To correct further, we kept the top point fixed and broadened the base of the barrier. This gave us the best fit of calculated and observed linewidths. The modified barrier was then at -125.81 cm-' above the dissociation limit and located at 5.98 A. The depth of the outer well became -34.78 cm-' below the dissociation limit and was located at 9.47 A. The RKR potential curve plus the modified barrier and outer well, as well as Jeung's original results, are plotted in Fig. 4 . Table  III lists this hybrid potential energy curve around the barrier and outer well region. With this modified potential, the calculated (solid line) and observed linewidths (circle) vs J( J+ 1) are plotted in Fig. 5 . The wave functions of v=28, J=31 and of u=27, J= 15 and the effective potentials UJzs, and UJz,, are plotted in Fig. 6 . The amplitude outside the barrier of the wave function for U= 27, J= 15 (shown expanded in the inset) is very small, but for the rovibrational level u = 28, J= 3 1, the amplitude of the wave function outside the barrier is almost the same as that in the classically allowed region. Quantum mechanically, there is -50% probability for the molecule to tunnel through the barrier in each vibrational period in v=28, J=31.
IV. DISCUSSION
The potential curve of the Na2 3 'IIs state has not only a barrier but also a shallow, broad outer well (double minimum) according to Jetmg's calculation. tance. The origin of the 'intermediate distance barrier is unclear; it may be due to an avoided crossing. Assuming the final modified potential is approximately correct, we can calculate the effective potential barriers and their maxima. The effective barrier maxima and the experimental term values plotted vs J( J+ 1) are shown in Fig. 7 . This figure suggests that the last quasibound level is v=28, J= 32. The eigenfunctions and eigenvalues can also be calculated for the outer well. Figure 8 shows the wave function of the lowest level (u=O, J=l) and the positions of ( U, J= 1) eigenvalues in the outer well. Since the outer well is shallow and broad, the B, and AG(u) values are about one-tenth and the vibrational period3i is about ten times those in the ordinary short distance potential. In addition, the wave functions penetrate signikantly past the turning points into classically forbidden regions (Fig. 8 ). There are about five vibrational levels in the outer well. Thus selected inner v=27, J levels may be weakly perturbed by selected outer well u, J levels, although we do not clearly see such perturbations in our data.
One way to probe this outer well directly would be to populate higher vibrational levels in the intermediate A 'Z$ state which have large outer turning points. By using the all-optical triple resonance,32 one can populate u' ~93 in the A '&$ state; a fourth laser could then be used to directly probe the outer well (as shown in Fig. 9 ). The same technique can be used to probe the shelf minima of the 5 and 6 'Zi states in Na2 which we have also recently studied (according to Jeung's'* calculations, there are also shallow wells in the shelf regions for these two states).
Note that after this paper was submitted, new calculations were published by Magnier et al. 33 These calculations also agree very well with our results.
